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Abstract In this study the kineticmodeling of visbreaking reactions for a number of vacuum residue feeds
was investigated using available experimental data from the literature. A continuous lumping model was
developed for kinetic analysis of visbreaking reactions. The normalized boiling point was used to describe
each feed as a continuous mixture and the concentration distribution of the mixture would change under
reaction conditions. A continuousmodel with five adjustable parameterswas used to describe visbreaking
reactions, and these parameters were optimized for each feed for reaction temperatures in the range
of 400–430 °C using available experimental data. The model was able to accurately predict the weight
percent of each boiling cut in the reaction products.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
The increasing demand for light fuels has drawn the
petroleum industry into producing more light products. Vis-
breaking is a refinery process, whose purpose is to reduce the
quantity of residual oil produced in the distillation of crude oil,
and to increase the yield of more valuable middle distillates
(heating oil and diesel). A visbreaker thermally cracks large hy-
drocarbon molecules when oil is heated in a coil, thus reducing
its viscosity, while producing small quantities of lighter hydro-
carbons [1–3]. The process name of ‘‘visbreaking’’ refers to the
fact that the process reduces (i.e., breaks) the viscosity of the
residual oil.
Atmospheric and vacuum residues are normal feedstock
for a visbreaker. These residues will typically achieve a
conversion to gas, gasoline and gasoil in the order of 10%–50%,
depending on reaction severity and feedstock characteristics.
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commonly used as a measure of severity of the visbreaking
operation. The extent of conversion is limited by a number of
feedstock characteristics including asphaltene and Conradson
carbon content. A feedstock with high asphaltene content will
result in an overall lower conversion compared with normal
asphaltene feedstock [4].
Atmospheric and vacuum residues are complex hydrocar-
bonmixtures and due to the complexity of structures present in
such mixtures, the development of appropriate kinetic models
to describe their behavior under reaction conditions has been
a challenging task. One approach has been to reduce the com-
plexity by grouping a large number of real components into a
relatively limited number of pseudo-components [5–8].
Many investigations have focused on the relationship be-
tween feed properties and the reactivity of heavy oils and
residues under visbreaking conditions, using eithermodel com-
pounds having similar characteristics to heavy oils, or actual
heavy oils that include Atmospheric Residue (AR), Vacuum
Residue (VR) and their blends,which serve asmajor feed for vis-
breaking units. Heavy oils and residues are composed of com-
plex organic structures and, as such, it is difficult to develop
mechanistic approaches for each molecule to explain the true
kinetic behavior under thermal cracking conditions. One com-
mon approach has been to group components based on their
physicochemical properties, such as boiling points or solubility
fractions into kinetic lumps. The reported lump kinetic mod-
els can be categorized into parallel and parallel-consecutive
reaction models [9]. The first discrete lumping models were
presented by Kou and Wei [10] and most models classified
lumps by the difference in boiling points of their components.
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Weekman and Nace [11], and subsequently described in more
detail by Stangeland and Kittrell [12]. Some of the simplest
lumping models consist of one feed and one product lump for
a total of 2 lumps [13–15], whereas some models include up
to 16 lumps [16]. A continuous lumping model has also been
proposed for simulation of hydrocracking reactions that has a
very good predictive ability with only a few adjustable parame-
ters [17]. In this study, the kineticmodeling of the visbreaking of
residue is investigated in terms of a continuous lumpingmodel.
The performance of the model is examined using experimental
data from the literature for four different feeds [9].
2. Methods and materials
The experimental data used in this investigation were obtai-
ned from a study involving the visbreaking of four different
residues (BHSR (Bombay High Short Residue), AMSR (Arab Mix
Short Residue), AM Asphalt (Arab Mix Asphalt (PD Asphalt)),
and NGSR (North Gujarat Short Residue)) [9]. The visbreaking
of these residues was performed in a batch reactor at reaction
temperatures between 400 and 430 °C. Approximately 120 g of
feed were used for each experiment. A molten salt bath was
used as the heating medium for reaction times up to 15 min.
The reaction was quenched as the reactor was dipped into a
coldwater bath at the end of the reaction. The reaction products
were analyzed to determine the amount of gaseous products,
condensates and distillation cuts of the remaining visbroken
tar. The general distillation property of each feed is reported in
Table 1, in terms of weight percent of different boiling cuts. The
boiling range of various distillation cuts is given in Table 1, and
the amounts of each boiling cut at the end of the reaction for
various reaction temperatures and reaction times are given in
Table 2 for each feed. Details of experimental approaches, feed
properties and analytical procedures are given elsewhere [9].
3. Results and discussions
The continuous lumping model used in this study is that
proposed by Laxminarasimhan et al. [17], which is briefly
described below. In this model, the hydrocarbon mixture is
described as a continuous mixture using the True Boiling Point,
TBP. The TBP curve is converted into a distribution function
with the weight percent of any component as a function of the
normalized boiling point, θ , which is defined as:
θ = TBP− TBPL
TBPH − TBPL , (1)
where TBPH and TBPL represent the highest and lowest boiling
points of the components in the mixture, respectively. The pro-
posed relationship [18] between the first order rate constants,
k, and θ was of the following form:
k
kmax
= θ1/α, (2)where kmax, which represents the rate constant for the compo-
nent with the highest TBP, along with α are model parameters.
The mass balance for the component with reactivity k is repre-
sented by:
dc(k, t)
dt
= −kc(k, t)+
∫ kmax
k
p(k, K)Kc(k, t)D(K)dK , (3)
where c(k, t) is the concentration of the component with a re-
activity of k, p(k, K) is a yield distribution function for formation
of the component with the reactivity of k from the cracking of
the component with a reactivity of K , and D(K) is the species
type distribution function given by:
D(k) = Nα
kmaxα
kα−1, (4)
where N is the total number of components in the mixture. The
proposed form of the p(k, K) function [17] is:
p(k, K) = 1
S0
√
2π

exp−
[ {(k/K)a0 − 0.5}
a1
]2
− A+ B

, (5)
A = exp{−(0.5/a1)2}, (6)
B = δ{1− (k/K)}, (7)
S0 =
∫ k
0
1√
2π

exp−
[ {(k/K)a0 − 0.5}
a1
]2
− A+ B
]
D(k)dk. (8)
The abovemodel has five parameters, namely, kmax,α, a0, a1 and
δ. Implementing the model in the design equation for a batch
reactor would result in the following expression:
c(k, t)− c(k, t − δt)
δt
= −kc(k, t)
+
∫ kmax
k
p(k, K)Kc(k, t)D(K)dK . (9)
The concentration of components with reactivity between k1
and k2, C1,2 is obtained by the following equation:
c1,2 =
∫ k2
k1
c(k)D(k)dk. (10)
Eq. (9) is first solved for the heaviest component, N , with cor-
responding reactivity, kmax, which is only converted to lighter
components during the visbreaking reactions:
c(kN , t) = c(kN , t − δt). exp(−kN .δt). (11)
The calculation of the concentration of other components
would then proceed from component N− 1 down. The Nelder–
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t (min) 3 6 9 12 15 3 6 9 12 15
Cuts Feed: BHSR
A 0.24 0.36 0.48 0.54 0.66 0.36 0.6 0.9 1.32 2.04
B 0.12 0.18 0.36 0.48 0.9 0.24 0.42 0.6 1.32 2.04
T = 400 C 3 2.76 3.6 4.8 7.2 T = 410 3.6 4.2 6 10.2 14.4
D 10.8 13.8 14.4 16.8 18.6 17.4 19.2 14.4 13.2 16.8
E 105.84 102.9 101.16 97.38 92.64 98.4 95.58 98.1 93.96 84.72
A 0.6 0.96 1.68 3.84 4.08 1.44 2.4 4.44 7.32 7.56
B 0.72 0.96 1.56 3.84 3.6 1.32 2.28 3.6 4.8 4.8
T = 420 C 4.8 7.2 12 21 21 T = 430 10.2 15.6 21 28.8 30
D 19.8 18 20.4 19.2 27.6 14.4 18.6 17.4 19.8 23.4
E 94.08 92.88 84.36 72.12 63.72 92.64 81.12 73.56 59.28 54.24
Feed: AMSR
A 0.24 0.36 0.6 0.84 1.44 0.36 0.72 0.84 1.8 1.68
B 0.24 0.24 0.36 0.6 1.44 0.24 0.48 0.84 0.96 1.2
T = 400 C 2.4 3 3.6 5.4 9.6 T = 410 3 4.8 5.76 9 8.4
D 4.8 5.4 7.2 9.6 10.2 5.4 7.8 7.2 10.2 11.64
E 112.32 111 108.24 103.56 97.02 111 106.2 105.36 98.04 97.08
A 0.72 1.2 3.6 5.4 6.6 1.56 3.6 7.44
B 0.36 0.84 2.04 3.36 5.4 1.08 2.88 6.48
T = 420 C 3.6 6 16.2 21 25.2 T = 430 9 18 27
D 7.2 9.36 14.4 17.04 21.6 13.2 18 24
E 108.12 102.6 83.76 73.2 61.2 95.16 77.52 55.08
Feed: AM Asphalt
A 0.24 0.36 0.6 0.72 0.96 0.48 0.6 1.56 2.04 3.36
B 0.18 0.12 0.36 0.3 0.18 0.06 0.24 0.6 1.08 2.04
T = 400 C 1.8 2.4 3.6 4.2 4.8 T = 410 2.4 3.6 7.8 9 13.8
D 4.5 5.4 7.56 8.16 8.04 4.8 7.2 10.44 10.68 13.2
E 113.28 111.72 107.88 106.62 106.02 112.26 108.36 99.6 97.2 87.6
A 1.32 2.16 2.52 3 3.36 1.32 2.4 3.24 4.2
B 0.6 0.72 1.62 2.22 2.22 0.6 1.62 2.16 3.3
T = 420 C 6.9 9.6 11.4 13.8 15 T = 430 6.9 11.64 13.8 16.8
D 8.76 11.28 11.28 12.24 13.2 8.58 12.6 9.9 11.7
E 102.42 96.24 93.18 88.74 86.22 102.7 91.74 90.9 84
Feed: NGSR
A 0.48 0.72 1.08 1.2 2.04 0.6 0.96 1.44 2.04 2.76
B 0.06 0.18 0.42 0.36 0.54 0.18 0.24 0.6 0.9 1.26
T = 400 C 1.8 3.6 5.04 5.4 5.76 T = 410 3.24 5.04 8.16 10.8 12.6
D 4.2 5.52 6.84 7.08 7.8 5.04 6.6 7.5 12 9.6
E 113.46 109.98 106.62 105.96 103.86 110.94 107.16 102.3 94.26 93.78
A 1.44 1.62 2.76 3.48 4.02 2.52 3.36 4.44
B 0.72 0.92 1.68 1.86 2.14 1.56 2.1 3
T = 420 C 6.72 9.6 14.4 15.84 18 T = 430 12.6 17.64 18
D 7.2 9 12.96 13.92 16.08 11.64 12 9.84
E 103.92 98.86 88.2 84.9 79.76 91.68 84.9 84.72Table 3: Estimated model parameters for different feeds at different reaction temperature.
Feed Parameter T = 400 °C T = 410 °C T = 420 °C T = 430 °C
α 1.9150 1.6272 2.9057 2.8436
a0 10.3821 7.5282 10.3166 11.2395
AMSR a1 56.7142 76.5608 65.9870 68.4997
kmax(h−1) 0.9 1.116 2.124 5.76
δ 0.0000067 0.0000051 0.0000062 0.0000059
α 8.2583 5.7934 15.1143 19.0167
a0 44.0738 29.1425 65.2412 70.9299
NGSR a1 18.5394 15.2645 16.2432 34.3444
kmax(h−1) 0.936 1.584 2.592 4.32
δ 0.00023 0.00021 0.00055 0.00015
α 1.2224 2.0601 1.8983 1.2153
a0 9.9874 9.7858 9.3258 4.6808
BHSR a1 82.2609 101.9465 87.7800 128.3258
kmax(h−1) 1.116 1.044 2.628 3.96
δ 0.0000012 0.0000044 0.0000023 0.0000019
α 6.9300 14.9448 10.5663 3.0810
a0 39.6984 91.8268 46.6252 12.8342
AM Asphalt a1 29.3187 41.8627 42.7222 50.5342
kmax(h−1) 0.72 1.44 2.16 2.664
δ 0.000055 0.000036 0.000083 0.000024
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Figure 2: Predicted versus experimental amounts (grams) of gas (cut A) in
products at 400 °C.
Figure 3: Predicted versus experimental amounts (grams) of gasoline (cut B)
in products at 430 °C.
Mead direct search algorithm was employed for parameter op-
timization for a given feed and reaction temperature, using the
following objective function:
OF =
5−
j=1
5−
i=1
|Ci, experimental − Ci,model|
Ci, experimental
, (12)
where Ci, experimental and Ci,model are the experimental and pre-
dicted amounts of each boiling cut, i, in the products, and the
summation index, j, extends over all reaction times. The trape-
zoidal rule was used for numerical integration and the value of
N was chosen as 100 (i.e. 100 divisions on the θ axis). The de-Figure 4: Predicted versus experimental amounts (grams) of LGO (cut C) in
products at 430 °C.
Figure 5: Predicted versus experimental amounts (grams) of VGO (cut D) in
products at 400 °C.
Figure 6: Predicted versus experimental amounts (grams) of VR (cut E) in
products at 400 °C.
tails of the optimizationprocedure for parameter estimation are
given elsewhere [19].
In the construction of the TBP curve for the feed, TBPL was
taken as −161.4 °C, which is the boiling point of the methane,
and TBPH was taken as 650 °C. The model parameters for
visbreaking reactions are reported in Table 3. These parameters
were optimized for each feed at a given temperature. An
Arrhenius relationship could represent the variation of kmax
with temperature (Figure 1). The overall performance of the
continuous model for visbreaking is presented in Figures 2–6
for different feeds at selected reaction temperatures, indicating
that the model can accurately predict the amount of each
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T = 430 °C.
Figure 8: Cumulative distribution (weight %) of feed and products for BHSR at
T = 400 °C.
boiling cut in the reaction products. The predicted distribution
of products, in terms of cumulative weight percent for a
selected feed (BHSR) at two different reaction temperatures, are
presented in Figures 7 and 8, which show good agreement with
experimental product distributions.
4. Conclusions
A continuous model with five adjustable parameters was
applied for kinetic modeling of the visbreaking reactions of
vacuum residues. The model had a good accuracy in predicting
the weight of each boiling cut in the products from the
visbreaking of four different residues.
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